INTRODUCTION
Between eight and ten virus-specific proteins have been detected in influenza virus infected cells which appear to be primary products of translation of between eight and ten influenza virus genome segments (Skehel, 1972; Klenk & Rott, I973; Inglis et al. 1976; Lamb & Choppin, I976; McGeoch, Fellner & Newton, 1976 and unpublished results) . The identity of the RNA molecules which function as messenger RNAs in this process of gene expression is, however, incompletely established. The data of Pons (I973), Etkind & Krug (1975) and Glass, McGeoch & Barry (i975) indicate that influenza virusspecific messenger RNAs are complementary in sequence to virion RNA and evidence that certain segments of the genome do not direct the synthesis of proteins in vitro has been obtained (Kingsbury & Webster, 1973; Etkind & Krug, 1975; Tekamp & Penhoet, 1976) . There are, however, reports of contrary observations (Siegert, Bauer & Hofschneider, 1973) and certainly the sense of all the virus-specific messenger RNAs has not been established (Content, 1976) . With this aim in mind and as part of a general study of gene expression during influenza virus replication analyses have been performed of the in vitro synthesis of virus proteins directed by influenza messenger RNAs of defined size and sequence.
METHODS
Chemicals. L-35S-methionine (340 mCi/mmol) was obtained from The Radiochemical Centre, Amersham, U.K. Dithiothreitol, ATP, GTP, creatine phosphate, creatine phosphokinase (from rabbit muscle), pancreatic ribonuclease (Type A), protease K, spermine, spermidine, cycloheximide and essential amino acids were obtained from Sigma Chemical Co., St Louis, Mo., U.S.A. Purified wheat germ was a gift from Dr E. Blair, National Io mM-NaC1; I. 5 mM-MgCl~), homogenized with 30 strokes of a Dounce homogenizer and centrifuged at IOOO g at 4 °C for 3 min. The supernatant was harvested and centrifuged again. The resulting supernatant was termed the 'cytoplasmic fraction'.
Extraction of RNA. Samples for extraction were adjusted to 0"05 M-sodium acetate, o-oi M-EDTA, o.I M-NaCI, pH 5"0 and extracted three times with equal volumes of water-saturated phenol at room temperature. Following ether extraction, RNA was precipitated from the aqueous phase by adjusting to 7 ° % ethanol, o.2 M-NaC1 and incubating at -2o °C. The ethanol precipitate was then washed three times in 7o% ethanol and dissolved in water.
In vitro translation. The in vitro translation system used was essentially that described by Roberts & Paterson (I973) with modifications by Pawson, Martin & Smith 0976) , with the following exceptions. The purified wheat embryos were ground with glass ballotini. The incubation was carried out at 2L °C for 2 h at 1 Io mM-KC1, 1.8 mM-Mg acetate, 20 mM-HEPES, pH 6"5, contained 2"5 #M-spermidine and was o'25 mM with respect to each essential amino acid except methionine. Each assay contained 3 #1 of radioactive methionine (4 mCi/ml) in a total volume of 25 #1. These conditions were found to be optimal for the translation of all species of RNA from infected cells.
Polyacrylamide gel electrophoresis and autoradiography. Samples were boiled for 3 min in 5 M-urea, ~ % (w/v) SDS and o-I % fl-mercaptoethanol and the polypeptide components were separated by electrophoresis on I5% or 25% polyacrylamide gels using the discontinuous buffer system described by Laemmli (197o) except that only o.I5% (w/v) bisacrylamide was used in the 25% gels. Autoradiography was as described by Russell & Skehel 097z) .
RNA-RNA hybridization. RNA-RNA hybridization was as described by Ito & Joklik (1972) . Fifty #g of cytoplasmic RNA from CEF cells infected for 4 h with FPV were incubated at 45 °C for 3o rain with IO #g of RNA from purified virus in 95% DMSO. The mixture was then made o'o3 M with respect to NaC1; o.oi5 M to tris, pH 7.o; and o-ooi 5 g to EDTA and incubated for 6o h at 37 °C in 65% DMSO. Half of the hybridization product wae then precipitated overnight at -2o °C in 7o% ethanol. The other half was melted by incubating for 3o min at 45 °C in 95% DMSO and immediately precipitated in 7o% ethanol at -2o °C.
Oligo-dTchromatography. RNA was dissolved in o'5 M-LiCI, IO mM-tris, pH 7"4, o'5% (w/v) LiDS and applied to a o'5 ml oligo-dT cellulose column. The column was washed with the above buffer until the eluate had an E26o of < o-o2. The column was then washed with Io mM-tris, pH 7"4, o'o5% LiDS until the E260 of the eluate was < o-02. Appropriate fractions from both eluates were pooled, adjusted to 70% ethanol and held overnight at -20 cC. The precipitates were washed three times in 70% ethanol, dissolved in water and designated 'High salt wash' and 'Low salt wash' respectively.
RESULTS

The products of in vitro polypeptide synthesis
In extracts of 35S-methionine-labelled chick embryo fibroblasts obtained 4 h after infection with fowl plague virus, nine primary virus gene products can be detected following electrophoretic and autoradiographic analysis. In vitro, RNA extracted from cultures infected in parallel directs the synthesis of seven non-glycosylated polypeptides and in addition two major components (A and B) which do not correspond in mobility to any of the proteins detected in extracts of infected cells (Fig. I) . These may be related to the virus-specified glycoproteins and are the objects of continuing analyses which will be reported elsewhere. The relative rates of accumulation in vitro of the identifiable virusspecific products differ considerably from those observed in in vivo studies. Under optimal conditions for translation much greater proportions of the polypeptides below 30000 in mol. wt. are synthesized than is the case in vivo and this situation was maintained even in the presence of DNA unwinding proteins from E. coli and fd-phage infected cells which were effectively used in avian tumour virus systems to increase the rate of translation of larger messenger RNAs (Pawson et al. 1976 ) .
Because of these observations, attempts were made to determine directly the efficiency of translation of the different fowl plague virus mRNAs by analysing the products of protein synthesis directed by virus mRNA synthesized in cells incubated throughout infection in the presence of cycloheximide. Under these conditions approximately equivalent amounts (by weight) of all fowl plague virus mRNAs are produced (unpublished results and Fig. 2 a) and as shown in Fig. 2 (b) these preparations of mRNA direct the synthesis of virus-specific polypeptides in different relative proportions from those shown in Fig. I . However, even under these conditions in the presence of similar amounts of each species of mRNA there are clearly differences in the amounts of the different polypeptides produced and it must be concluded that the products of in vitro translation are not a quantitatively accurate reflection of the mRNA population of cellular extracts. The explanation for these observations is not known but nuclease activity may be involved since extensive degradation of added mRNA occurred in these systems. Parenthetically the doubling of bands MP and 8 in analyses of polypeptides synthesized in vivo or in vitro is always observed with 25% gels but is of unknown significance.
Polypeptide synthesis directed by RNA extracted from virus particles
In cell-free protein synthesizing systems from ascites tumour cells or mouse L cells incubated in the presence of influenza virion RNA, several discrete low tool. wt. polypeptide products have been reproducibly obtained (R. Brown, I. Kerr and J. J. Skehel, unpublished results). The synthesis of products of similar size was also detected in the wheat embryo system (Fig. 0-These products are stable to nuclease digestion and have molecular weights ranging from 5 to 15 × Io 3. They do not correspond in electrophoretic mobility to any of the polypeptides directed by RNA extracted from infected cells and, in addition, the magnesium concentration at which they are synthesized at maximum rate, 2"5 mM, is different from that determined for optimum translation of infected cell RNA (Fig. 3) . The latter observation is in agreement with those of Tekamp & Penhoet 0976). for I h and infected in the presence of cycloheximide (Ioo #g/ml) were incubated for 30 rain with ~H-uridine (too #c/ml) at I½ to 2 h after infection. The poly A-containing R N A was extracted as described in Methods, denatured and annealed at 37 °C for 24 h in the presence of an 'excess' of virion R N A (2o/zg). The precipitated R N A was incubated at 37 °C for 6 h in o.oi M-sodium acetate, pH 4"7, o'5 raM-zinc sulphate (0.2 ml) containing 5oo units $1 nuclease, and re-precipitated with 70% ethanol. The R N A dissolved in 20% sucrose, o-1% SDS, o-o2 M-tris-acetate, pH 7"8, 5 mM-EDTA was electrophoresed at 9o V for I5 h on a 4% polyacrylamide slab gel containing o.1% SDS, o'04 M-tris-acetate, pH 7"8. Migration is from top to bottom of the gel. The gel was processed for fluorography as described by Bonner & Laskey 0974) and exposed for I4 days. The rates of synthesis of the eight virus complementary R N A molecules were unchanged during 6 h of infection in the presence of cycloheximide (unpublished results). (b) Cell-free synthesis of products directed by R N A from cycloheximide-treated cells. Products were analysed by electrophoresis on a 25% gel at Iio V for 2I h. The dried gel was exposed to film for 7 days. Lane tproducts directed by 25 #g R N A from uninfected cells treated for I h with Io0 #g/ml of cycloheximide; lane 2 -products directed by 25/zg RNA harvested from cells pre-treated with cycloheximide and then infected and incubated for 4 h after infection in the presence of the drug at Ioo #g/ml. identical to those obtained using complete cell extracts. However, similar observations were also made for the RNA fraction which did not bind to oligo-dT (Fig. 4) even following repeated application to the affinity column. In addition, in experiments in which mRNA was prepared from cells early in infection (I.5 h p.i.) when approximately half the RNA complementary to genome RNA did not bind to oligo-dT cellulose, the material which did not contain poly A was observed to be translated as efficiently as that which did. Similarly mRNA activity in extracts of L cells abortively infected with fowl plague virus was found to be about equally divided between complementary RNA molecules which contained poly A and those which did not (Fig. 5) . In these extracts also, direct characterization of the RNA population indicated that approximately equal amounts of RNA of these two types were present (unpublished results). Clearly polyadenylation does not appear to be essential for virus mRNA translation in vitro-a conclusion in agreement with the report of Content (1976) . Similar experiments were done using virion RNA. None of the material which directed polypeptide synthesis in vitro was bound to oligo-dT under the conditions used.
The composition of the virus-specific mRNA mixtures present in the extracts of infected cells used to direct in vitro protein synthesis was determined in experiments such as that described above (Fig. a a) for the mRNA extracted from cycloheximide-treated cells. In addition, the products of translation of RNAs of different sizes were determined by oligo-dT cellulose chromatography. The products were analysed by electrophoresis on a 25% gel at IIOV for 2I h. Lane t-products directed by 2o/xg of cytoplasmic RNA from infected cells; lane 2 -products directed by 30/~g of RNA from infected cells which did not bind to oligo-dT cellulose; lane 3 -products directed by 2/zg of RNA from infected cells which bound to oligo-dT cellulose; lane 4 -products directed by RNA which did not bind to oligo-dT cellulose after two cycles of adsorption and elution; lane 5 -products directed by RNA which did not bind to oligo-dT cellulose after one cycle of adsorption and elution, but bound after a second cycle; lane 6 -marker polypeptides as in Fig. I . Lanes I and 3 were exposed for 7 days and lanes 2, 4 and 5 for 28 days.
following separation of the messengers by sucrose density gradient centrifugation. The results shown in Fig. 6 indicate that the synthesis of the small polypeptides is directed by the small m R N A molecules of sedimentation coefficient approx. I2S a n d that the largest polypeptides are only detected in those assays p r o g r a m m e d using fractions containing larger m R N A s . Similarly the 5oooo and 25000 mol. wt. polypeptides were synthesized in greatest a m o u n t s using m R N A s of sedimentation coefficients 20S a n d I5S,
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Fig. 5. Cell-free polypeptide synthesis directed by cytoplasmic RNA extracted from L ceils infected with FPV and harvested 4 h after infection. Lane I -endogenous activity of the cell-free system; lane 2 -products directed by 30 #g of total cytoplasmic RNA; lane 3 -products directed by 30 ~g of cytoplasmic RNA which did not bind to oligo-dT cellulose; lane 4 -products directed by 3/zg of cytoplasmic RNA which did bind to oligo-dT cellulose, an amount recovered from approx. 30/~g cytoplasmic RNA; lane 5 -marker polypeptides from infected CEF ceils as in Fig. I . The products were analysed by electrophoresis on a 25 % gel at I IO V for z2 h.
respectively. However, discrete fractionation of most of the messenger R N A activities was not obtained and this may be a reflection of the different efficiencies of translation of the R N A s of different sizes. Again, similar experiments were done using virion R N A and in these cases R N A s of sedimentation coefficient greater t h a n t ~,S were responsible for directing polypeptide synthesis and only m i n o r differences could be detected between IP: 54.70.40.11
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Characterization of FPV messenger RNAs the polypeptide products obtained using R N A s of different sizes with sedimentation coefficients between i2 and 2oS. To ascertain the relationship, with regard to polynucleotide sequence, between genome R N A a n d the R N A molecules with messenger activity extracted from infected cells, a series of experiments involving hybridization of virion R N A and infected cell R N A were performed. In these the ability of virion R N A to remove m R N A activity from cell extracts by hybridization was assessed. As shown in Fig. 7 , lane 3, all of the m R N A hybridized to virion RNA under the conditions employed and a large proportion of messenger activity was recovered following dissociation of the hybrids, lane 5. In addition, the appropriate control indicated that the double-stranded hybrids had no direct effect on mRNA translation, lane 4. It was therefore concluded that all of the virus-specific messenger RNAs, extracted from infected cells whose products of translation could be detected in this system, were complementary in sequence to genome RNA.
DISCUSSION
In wheat embryo cell-free protein synthesizing systems, messenger RNAs extracted from fowl plague virus-infected chick embryo fibroblasts direct the synthesis of seven nonglycosylated virus-specific polypeptides which are detected during virus replication. Two other polypeptides which may be related to the two glycopolypeptide primary gene products are also produced. These observations confirm and extend the results of Etkind & Krug 0975), Content (1976) and Ritchey & Palese (i976) obtained with similar systems. Using these in vitro systems several characteristics of the mRNAs involved in fowl plague virus replication have been established.
(I) The amounts of each of the polypeptides produced in vitro vary greatly, with the major products routinely being the matrix polypeptide and the non-structural polypeptide, 8, both of which have tool. wt. about 25000. These observations are, to some extent, a reflection of the mRNA composition of the infected cell extracts since estimates of the efficiency of translation of the individual mRNAs, obtained by using RNA mixtures which contain approximately equal amounts of each message, indicate that the preference for translation of these components is not simply attributable to their size. On the contrary, it appears that several of the mRNAs of quite different size (P3, NP, MP and 8 - Fig. 2 ) are translated with approximately equal efficiency. Since this is not the case for all virusspecific messengers the possibilities must be considered that other properties influence their translation or their degradation in vitro. Again, previous communications of the in vitro translation of influenza virus RNAs, e.g. Kingsbury & Webster (I973) , Etkind & Krug (I975) , have similarly indicated preferential accumulation of products equal to and less than 25 ooo daltons.
(z) Messenger RNAs which direct the synthesis of polypeptides equivalent in size to the virus-specific polypeptides detected in infected cells are complementary in sequence to genome RNA. Two independent lines of evidence indicate this conclusion: (a) virusspecific RNA extracted from cycloheximide-treated cells which is totally complementary to genome RNA, directs the synthesis of all virus-specific polypeptides other than polypeptide 9, and (b) all mRNA activity including that for polypeptide 9 is completely removed from cell extracts following hybridization with excess genome RNA. These results are in agreement with those of Pons (1973) and Etkind & Krug (1974) concerning the association of RNA complementary to virion RNA with polysomes in infected cells.
(3) Although virion RNA does not appear to function in directing the synthesis of any of the recognized polypeptide products of replication, several discrete polypeptides are produced in vitro in systems containing comparatively large amounts of vRNA. These observations have been made using RNA extracted from several preparations of fowl plague virus and of other influenza A viruses which might suggest that the results are not a consequence of the adventitious association of mRNA from infected cells with purified virus particles. It may also be noted here that the products of similar size to the nucleoprotein (53000 daltons) which were observed by Siegert et al. (I973) , Content (1976) and Tekamp & Penhoet (1976) were not detected and in this regard these results are more similar to those of Etkind & Krug (1975) . At present, however, the significance of this synthesis is not understood.
(4) Not all RNA molecules translated in vitro contain poly A and in fact non-polyadenylated material appears to be equivalently acceptable. Whether or not a similar situation exists in vivo is not known. However, certain observations, which will be published elsewhere, particularly with regard to the exclusive synthesis of polyadenylated mRNA in the presence of cycloheximide, the association of only polyadenylated molecules in polysomes and the different kinetics of synthesis of poly A-containing and non-poly A-containing RNA during infection suggest that this may not be the case.
